We analyze two dedicated NuSTAR observations with exposure ∼190 ks located ∼10
INTRODUCTION
Multiple lines of cosmological evidence indicate that ∼80% of the matter density of the Universe, and ∼25% of its energy density, is non-baryonic and non-luminous, hence its name, dark matter (DM) [1] . At present, the effects of DM are only measurable via its gravitational effects on astronomical scales, ranging from the motions of galaxies and galaxy clusters to the power spectrum of the Cosmic Microwave Background [2] [3] [4] [5] [6] [7] . The lack of a viable Standard Model candidate for particle DM (hereafter symbolized χ) has led to a plethora of theoretical models, many of which are also motivated by a desire to account for other phenomena not explained by the Standard Model (e.g., baryogenesis, neutrino masses, the hierarchy problem, etc).
The techniques of indirect detection use astronomical observations to search for the decay and/or annihilation of DM into Standard Model particles such as electrons/positrons, (anti)protons/nuclei, neutrinos, and photons [12] . Because photons are not deflected by astrophysical magnetic fields, it is possible to determine their arrival direction within the angular resolution of The tentative signal at E 3.5 keV [8] [9] [10] is indicated by the red point. For a more detailed view of the non-NuSTAR constraints, see Fig. 6 of Ref. [11] .
the detector, allowing for a rejection of photons from known astrophysical sources. Final states with mono-energetic photons are particularly valuable for indirect DM searches, as they result in line-like signals atop a (usually) smooth continuum background. A popular DM candidate with m χ ∼ keV is the sterile neutrino, with models such as the νMSM providing explanations for the particle nature of DM, neutrino masses, and baryogenesis [13] [14] [15] [16] . The radiative decay of sterile neutrinos via χ → ν + γ would produce a monoenergetic x-ray photon and an active neutrino, each with E = m χ /2 [11, [17] [18] [19] [20] [21] [22] [23] . Sterile neutrinos may be produced in the early Universe via mixing with active neutrinos [24] , and this production may be resonantly enhanced by primordial lepton asymmetry [25] . Considerations from Big Bang nucleosynthesis (BBN) [26] [27] [28] provide a lower limit on the mixing angle sin 2 2θ, with additional constraints from the observed number of Milky Way satellite galaxies [29] bounding the parameter space from the left (see Fig. 1 ).
Space-based x-ray observatories such as HEAO-1 [30] , Chandra [31, 32] , XMM-Newton [30, 33] , Suzaku [34] , Fermi-GBM [35] , and INTEGRAL [36, 37] have provided strong constraints on the χ → ν + γ decay rate for m χ between ∼1-100 keV. The observation of an unknown x-ray line at E 3.5 keV ("the 3.5-keV line") in several analyses [8] [9] [10] has led to much interest, as well as many follow-up analyses using different instruments and astrophysical targets . Some suggest that the 3.5-keV line may be a signature of sterile-neutrino DM [60] or other DM candidates [61] [62] [63] [64] [65] ; alternatively, modeling systematics [40, 43] or novel astrophysical processes [66, 67] may play a role. Future high-spectral-resolution x-ray instruments may also be able to investigate the DM hypothesis for the origin of the 3.5-keV signal via velocity spectroscopy [68, 69] .
Since its launch in 2012, the NuSTAR observatory, due to its unique large-angle aperture for unfocused x-rays, has provided the leading constraints on sterile-neutrino DM across the mass range 10-50 keV, leveraging observations of the Bullet Cluster [47] , blank-sky fields [70] , the Galactic center [71] , and the M31 galaxy [72] . In each of these cases, the NuSTAR observations were originally performed to study non-DM phenomena; therefore, DM searches using these data had to contend with large astrophysical backgrounds and/or reduced effective areas from masking bright point sources in the field of view (FOV). Improving upon these constraints, and extending them to the NuSTAR limit of E = 3 keV (e.g., to test the tentative 3.5-keV signal), will therefore require observations with lower astrophysical backgrounds, as well as an improved model of the low-energy NuSTAR instrumental background.
In this paper, we present new constraints on the decay rate of sterile-neutrino DM particles using two NuSTAR observations, one ∼10
• above and the other ∼10
• below the Galactic plane, chosen to minimize astrophysical x-ray emission while still remaining near the center of the Galactic DM halo. These are the first NuSTAR observations dedicated to DM searches.
In Sec. II, we describe the data reduction and spectral modeling of the NuSTAR data, consistently incorporating the flux from the focused and unfocused FOVs. In Sec. III, we combine the line flux limits from these new observations to constrain the χ → ν + γ decay rate for sterile neutrinos in the mass range 10-40 keV, obtaining the strongest constraints to date in the 10-12 keV mass range. We conclude in Sec. IV.
II. NUSTAR DATA ANALYSIS
In this section, we outline the aspects of the NuSTAR instrument that are relevant to our DM search, and describe NuSTAR's unique wide-angle aperture for unfocused x-rays (Sec. II A). After describing the recent NuS-TAR off-plane observations (Sec. II B) and our treatment of the NuSTAR instrument response (Sec. II C), we conclude with a discussion of the spectral model we use to analyze the data (Sec. II D).
A. The NuSTAR Instrument
The NuSTAR instrument is more fully described in Refs. [76] [77] [78] , with the aspects of the instrument relevant for our search technique described in our previous papers [71, 72] . Here, we summarize several key aspects.
The NuSTAR instrument contains two identical, independent, and co-aligned telescopes, each consisting of a grazing-incidence Pt/C-coated x-ray optics module and a Focal Plane Module (FPM). The FPMs (labeled A and B) contain an aperture stop, a ∼100-µm beryllium x-ray window with energy-dependent transmission efficiency E Be (E), and a solid-state CdZnTe detector array with energy resolution ∼0.4 keV for x-rays with energies E 20 keV. Within the telescopes, properly-focused incoming x-rays reflect twice off the mirror segments, leading to their alternative name of 2-bounce (2b) photons. Both telescopes share essentially-overlapping 13 × 13 FOVs for focused x-rays with energies between 3-79 keV. The lower limit is primarily set by inactive material on the surface of the detector and E Be (E) (see Secs. II C and II D), whereas the upper limit is set by the Pt Kedge of the mirror materials. The maximum x-ray energy recorded by the detectors is ∼160 keV.
Unlike previous focusing x-ray telescopes such as Chandra or XMM-Newton, the 10-m gap between the NuSTAR optics bench and the focal plane is open to the sky, allowing stray photons to strike the detector array without interacting with the mirror elements or being blocked by the aperture stops. For this reason, these unfocused x-rays are called 0-bounce (0b) photons. Although the 0-bounce effective area A 0b is limited by the physical ∼13 cm 2 area of each detector array, the 0-bounce FOV ∆Ω 0b subtended by each array is ∼4.5 deg 2 , nearly two orders of magnitude larger than the 2-bounce FOV ∆Ω 2b , and more than counterbalancing the factor of ∼20 reduction in effective area between the 2-bounce and 0-bounce apertures. This approach provides a large increase in sensitivity to diffuse x-ray emission such as that expected from decaying DM in galactic halos, and thus the 0-bounce technique has been the dominant contribution to recent NuSTAR sterile-neutrino constraints [70] [71] [72] .
B. NuSTAR Faint-Sky Off-Plane Observations
The previous NuSTAR sterile-neutrino search in the Galactic center region [71] was hampered by the presence of bright x-ray point sources in both the 0-bounce and 2-bounce FOVs, whose removal from the data greatly reduced the effective area, as well as a large continuum background from the Galactic Ridge x-ray Emission (GRXE, see Sec. II D) which was the dominant background component for E 20 keV. To combat both of these issues, we designed two dedicated NuSTAR observations (see Table I ), one ∼10
• above the Galactic plane (obsID 40410001002), and the other ∼10
• below (40410002002). The high Galactic latitude of these fields was chosen to minimize the GRXE continuum background while still remaining near the center of the Galactic DM halo, as well as avoiding known bright x-ray sources near the Galactic plane (see Fig. 2 ). The NuSTAR observations described above were carried out in August and October 2018, with an initial unfiltered exposure time of ∼200 ks (summed over both obsIDs and FPMs). Data reduction and analysis are performed using the NuSTAR Data Analysis Software pipeline, NuSTARDAS v1.5.1. The flags SAAMODE=OPTIMIZED and TENTACLE=YES are used to remove events coincident with NuSTAR passages through the South Atlantic Anomaly (SAA), and "bad pixels" (defined in the NuSTAR calibration database) are removed. We observe a faint x-ray point source near the edge of the 2-bounce FOV in obsID 40410001002, whose position is consistent with the chromospherically-active stellar binary HD 152178 [79, 80] . This system has also been detected in x-rays by RXTE [81] and Suzaku [82] . To eliminate systematic uncertainties associated with modeling this source's spectrum, we remove from our analysis all x-ray events in a circular region of radius 75 around the nominal position of the source in both FPMs, excluding 80% of the source photons [83] . (The position of the x-ray source 1RXS J165306.1-263434 also lies within the 2-bounce FOV of this obsID [81] ; however, it is sufficiently faint that its NuSTAR spectrum is consistent with background, so we do not exclude it from the analysis. There are no x-ray point sources visible in obsID 40410002002.) Finally, we inspect the 3-10 keV light-curves of each observation to check for transient fluctuations due to solar activity or unfiltered SAA events, and remove any time intervals with a count rate >2.5σ from the quiescent average. After all cuts, the total cleaned exposure time used in this analysis, summed over both obsIDs and telescopes, is ∼190 ks.
We extract spectra from the full detector planes as extended sources using the nuproducts routine in NuSTARDAS, and bin each spectrum with equal logarithmic separations ∆ log 10 E = 0.01 (i.e., 100 bins per decade) in the energy ranges 5-20 keV and 95-110 keV. This provides a statistical uncertainty that is everywhere ∼10% per bin while also being narrower than the ∼0.4-keV NuSTAR energy resolution across the energy range 5-20 keV. As described in Ref. [72] , we exclude the energy range 3-5 keV, as the behavior of the low-energy NuSTAR background-particularly the origin of the 3.5-and 4.5-keV lines in the default background model-is the subject of active investigation. (Additionally, including the 3-5 keV region can bias the determination of the internal power-law parameters discussed in Sec. II D; see Ref. [72] for details.) We also exclude the energy range 20-95 keV, as this region is dominated by a forest of instrumental lines. DM constraints in this energy range are therefore weakened and prone to systematic effects, as discussed in Refs. [70] [71] [72] . Excluding this energy range also speeds up our analysis, and we verify that it does not affect our results in the 5-20 keV energy range. Finally, we note that the 20-95 keV energy range has already been largely excluded by previous sterile-neutrino searches using data from Fermi-GBM [35] , INTEGRAL [37] , and NuSTAR [70] [71] [72] .
C. NuSTAR Response Files
To describe the effects of the detector effective area and solid angle for the CXB, GRXE, and DM line components described in Sec. II D, we define custom response files that relate the measured event rate d 2 N/dEdt to the astrophysical flux. For 0-bounce components, the response is E Be (E)A 0b ∆Ω 0b , where the grasp A 0b ∆Ω 0b is calculated using the nuskybgd code [77] and E Be (E) is the Be window transmission efficiency. For 2-bounce components, the response is E Be (E)A 2b (E)∆Ω 2b , where E Be (E) and A 2b (E) are calculated by NuSTARDAS, extracting the entire FOV as an extended source using nuproducts. Here, ∆Ω 2b is simply the geometric area of the 2-bounce FOV, and is ∼0.046 deg 2 for obsID 40410001002 and ∼0.047 deg 2 for obsID 40410002002, the former being slightly less than the latter due to the exclusion of the 75 -radius circle around the point source. The responses for internal detector components-the internal continuum, power-law, and lines-are calculated by nuproducts, and do not depend on area or solid angle.
D. NuSTAR Spectral Modeling
Our spectral model contains six components, which may be broadly classified as having instrumental or astrophysical origins (see Table II ). The instrumental background consists of a low-energy internal power-law dominant at energies E 10 keV, the internal detector continuum, and a series of phenomenologically-motivated lines. The astrophysical components include the Cosmic x-ray Background (CXB), with an event rate similar to the instrumental components' over the energy range of this analysis; and the GRXE, whose flux is a factor ∼10 lower than the CXB. The treatment of each of these model components is described in this section.
To describe the internal continuum and line backgrounds, we adopt the default NuSTAR spectral model of Ref. [77] . The internal continuum is parameterized by a broken power-law with E break = 124 keV, and the line energies and widths are frozen to the values in the default model, with only the line normalizations free to fit. (The line normalizations are also allowed to vary between each of the spectra, accounting for differences in the instrumental background conditions between the FPMs.) We retain the 95-110 keV data as the event rate in this range is dominated by the internal continuum, and is necessary to constrain the overall continuum normalization. We explore alternative high-energy intervals with endpoints The CXB, GRXE, and DM line models also include absorption from the interstellar medium through the tbabs model with fixed column density N H , as well as absorption from the beryllium x-ray shield. All model components except the internal continuum include the absorption effects of detector surface material. See Sec. II D for details.
around 95 keV and 120 keV, and find that the fit quality is not sensitive to the precise values of the endpoints, provided the interval is sufficiently wide to constrain the internal continuum. The default NuSTAR instrumental background model includes a ∼1-keV collisionally-ionized plasma component (the apec model in XSPEC [88] ) which is strongest for energies E < 5 keV and is believed to result from reflected solar x-rays. Unfortunately, this model provides a poor fit (χ 2 /d.o.f. 1.7) to the observed spectrum, with the residuals indicating a clear excess in the energy range 5-10 keV. As we exclude the E < 5 keV data, we adopt the procedure described in Refs. [72, 87] and replace the apec model with a power-law. For each FPM, we use the data collected when the telescope aperture is occulted by the Earth to constrain the power-law spectral index and normalization with respect to the internal continuum. (As the Earth completely fills the 0-bounce and 2-bounce apertures during occultation mode, we assume that the astrophysical components contribute negligible flux, and include only the internal detector components when modeling the occulted data.) The spectral index and relative normalization of the internal power-law are frozen to their best-fit occultation-mode values during fits to the science data, shown in Figs. 3 and 4 . This procedure provides a much better fit (χ 2 /d.o.f. 1.3) to the observed science-mode spectra over the energy range of our analysis; however, there are still noticeable deviations, which will be discussed later in this section, and in Sec. III B.
The Cosmic X-ray Background (CXB) arises from unresolved extragalactic sources, and constitutes one of the dominant irreducible NuSTAR backgrounds in both the 0-bounce and 2-bounce FOVs. The CXB is largely isotropic, with degree-scale flux variations of ∼5% consistent with the expected Poisson fluctuations of the number of sources in the FOV [89] . As specified in the default NuSTAR background model, we parameterize the CXB spectrum with a cut-off power-law whose flux, spectral index, and e-folding energy are fixed to their INTEGRAL-measured values [84] ; i.e., there are no free parameters in the CXB model. The highecut term brings a factor exp[(E cut − E)/E fold ] for E ≥ E cut and is constant for E ≤ E cut , so we choose E cut = 10 −4 keV to ensure that the exponential is applied over the full energy range of our analysis. As shown in Figs. 3 and 4 , the CXB is the dominant astrophysical background in these off-plane observations.
The GRXE is believed to result from unresolved point sources in the Galactic ridge [90] , and its emissivity is observed to trace the near-infrared surface brightness (and hence stellar density) of the Galaxy [75, 86, 89, 91] . Broadband studies of the GRXE indicate that it is likely a multi-temperature plasma, with kT 1 1 keV and kT 2 ∼ 8 keV [85] [86] [87] . We model the GRXE, which appears in both the 0-bounce and 2-bounce FOVs, as a single-temperature collisionally-ionized plasma (the apec model described previously) with a fixed temperature of 8 keV [87] . Particularly strong emission lines between 6-7 keV arise from Kα transitions in neutral and highlyionized Fe, and it was these lines which limited the sensitivity of the previous sterile-neutrino search near the Galactic center [71] .
It is important to note that the "GRXE" component in our spectral model includes flux from the GRXE, unmodeled point sources, and any low-energy instrumental backgrounds not described by our default spectral model, as the GRXE component includes the only free normalization parameter in the low-energy part of our spectral model. Therefore, we leave both the GRXE elemental abundance (as a ratio to solar) and flux as free parameters, where the flux is unconstrained and the abundance ratio is constrained to the range 0.0-1.2. The lower bound arises from the requirement that elemental abundances be strictly positive, and the upper bound is set by previous measurements of the GRXE [86] . Additionally, freezing the abundance ratio to a nonzero value can force the GRXE flux to unreasonable extremes as the model attempts to fit the GRXE by way of its emission lines, thereby biasing the rest of the 5-20 keV fit. Finally, the 0-bounce and 2-bounce GRXE components are constrained to have the same flux and abundance ratio. (As shown by the slight bump in Figs. 3 and 4 , the fits to the FPMB spectra of both obsIDs prefer a slightly higher GRXE abundance ratio than the FPMA spectra, though this difference is within the uncertainty on the value of the abundance parameter.)
We parameterize our DM line signal in XSPEC with a vanishingly-narrow Gaussian-i.e., a δ-function in Eas the intrinsic width of any DM line is expected to be much less than the ∼0.4 keV detector energy resolution with which it is convolved. Our treatment of the DM line during the line-search procedure is described further in Sec. III A.
The fluxes of the astrophysical components in our spectral model-CXB, GRXE, and DM line-are attenuated by absorption and scattering in the interstellar medium (ISM). This attenuation is parameterized in terms of the equivalent column density of neutral hydrogen, N H , via the tbabs model in XSPEC [92] . We adopt fixed values of 7.0 × 10 20 cm −2 for obsID 40410001002 and 1.1 × 10 20 cm −2 for obsID 40410002002 [93, 94] . (Both FPMs share the same N H value, which is assumed to be constant across the 0-bounce and 2-bounce FOVs despite the somewhat different sky coverage and values of ∆Ω 0b from A/B.) This corresponds to an optical depth τ 10 −2 at E = 5 keV, falling steeply with increasing energy. Although the flux attenuation from the ISM is a 1% effect across the energy range of this analysis, we include it for consistency.
Finally, we consider the absorption of x-rays within the NuSTAR instrument itself. Before incoming astrophysical x-rays (from the CXB, GRXE, or DM) strike the detectors, they must pass through a ∼100-µm beryllium shield with transmission efficiency E Be (E), rising from ∼0.67 at E = 3 keV to ∼0.92 at E = 5 keV. (The treatment of E Be is discussed further in Sec. II C.) An additional absorption effect arises in the detectors themselves. The CdZnTe detectors have a ∼0.11-µm platinum contact coating, as well as a ∼0.27-µm layer of inactive CdZnTe (both varying somewhat between individual detector crystals), through which incoming x-rays must pass [78] . At E = 5 keV, these detector components result in a flux attenuation of ∼25%, though this decreases quickly with increasing E [72] . These detector absorption effects (often called nuabs or detabs) are included in every spectral component except the internal continuum.
As shown in Figs. 3 and 4, the model described in Sec. II D provides an acceptable fit to the NuSTAR spectra (χ 2 /d.o.f. < 1.35 for all datasets), but there are several deviations from the model that may affect our derived line flux limits, and thus require further consideration. In Sec. III B, we perform Monte Carlo simulations to investigate whether these deviations are statistical or systematic in nature; here, we simply note that the spectral model described above is able to reproduce the data across most of the 5-20 keV energy range.
III. NUSTAR DM ANALYSIS
In this section, we describe the procedure used to search for DM line signals and set upper limits on the decay rate of DM to final states including a single monoenergetic photon (Sec. III A), and compare to sensitivity estimates from simulations (Sec. III B). Finally, we discuss the implications for sterile-neutrino dark matter (Sec. III C).
A. DM Line Search
Equipped with the spectral model described in Sec. II D, we search for DM line signals in the two observations. Our search procedure follows closely that from Refs. [71, 72] , and is briefly described here.
We divide the 10-40 keV mass band into bins with equal logarithmic separations ∆ log 10 m χ = 0.01 (i.e., 100 bins per decade in m χ ). At each mass bin, we add a DM line with photon energy E = m χ /2 to the model. The number of DM photons in the line for each module and observation is
where Γ is the decay rate, m χ is the DM mass, T is the observation time, A 0b and ∆Ω 0b are the 0-bounce effective area and effective FOV defined in Sec. II C, J is the FOV-averaged line-of-sight integral of the DM density (J-factor), and f 2b is the energy-dependent contribution from the 2-bounce component (see Fig. 3 in Ref. [72] for the distribution of the 2-bounce contribution). Using the conservative sNFW as our default choice, we find J 20 GeV cm −3 kpc sr −1 . If we use the NFW or coreNFW profiles instead, the J-factor is larger by ∼20%. The small deviations show that our results are robust with respect to density-profile choices, one of Comparison of the limit obtained in this paper to that from surveys of blank sky, Galactic center, and M31 fields, as well as the tentative signal at E 3.5 keV. With only ∼190 ks, we have achieved comparable constraints to analyses with much deeper exposures [70] [71] [72] . We have achieved the best constraint in 10-12 keV mass range, essential for investigating the remaining νMSM parameter space shown in Fig. 1 . Right: The observed 95% upper limit on the DM decay rate Γ obtained in this paper, compared to the expected 68% (green) and 95% (yellow) sensitivity bands from simulations (see Sec. III B).
the advantages of looking at high-latitude Galactic halos. (See Ref. [71] for additional details on the NFW, sNFW, and coreNFW profiles.) For the 2-bounce contribution, f 2b , we find a modest ∼20% enhancement peaked at E = 10 keV (see Fig. 3 of Ref. [72] ).
At each DM mass, the only free parameter for the DM line is the decay rate. We find the best-fit χ 2 (Γ) distribution for each module and observation by scanning through a range of Γ, conservatively refitting the entire spectral model to find the minimum χ 2 value for each Γ. The sensitivity of the two observations (four separate fits including both modules) at each m χ are combined by adding the respective χ 2 distributions:
We note that for each module, the background parameters are allowed to be independent (see Sec. II D for exceptions). Compared with simply stacking the spectra, this combining procedure is used to avoid potential systematic errors due to combining observations with different instrumental and/or astrophysical backgrounds. The minimum in X 2 (Γ) for each mass bin corresponds to the best-fit decay rate Γ min , with a 5σ line detection requiring X 2 (Γ min ) − X 2 (Γ = 0) < −25. We find no signals consistent with decaying DM in the mass range 10-40 keV, and instead set upper limits on the DM decay rate. The 95% one-sided upper limit, Γ 95 , occurs at X 2 (Γ 95 ) = X 2 (Γ min ) + 2.71, and is shown in both frames of Fig. 5 . In the 10-40 keV mass range, our results are comparable to previous NuSTAR limits from blank-sky [70] , Galactic center [71] , and M31 observations [72] . In particular, we are able to improve upon previous constraints in the 10-12 keV mass range by a factor of ∼2. Finally, we note that with only ∼190 ks exposure, our dedicated Galactic bulge observations are able to achieve sensitivity comparable with searches using several Ms combined exposure. This is due to the low astrophysical background, as well as the large J-factors in the chosen FOVs.
B. Sensitivity Estimation with Simulations
To validate our results, we perform line searches in mock spectra to find the expected upper limits when the spectra are purely statistically limited. This exercise also allows us to further study the deviations discussed in Sec. II D.
Instead of fully mimicking the actual analysis, where we analyze each module separately and then combine the constraints, we simplify the procedure by considering a single spectrum (rather than all four) per mock analysis to speed up the computation. We generate 100 Monte Carlo (MC) spectra with no DM line, using the fakeit tool in XSPEC. Each spectrum has 200 ks exposure, and is generated using the best-fit spectral model of FPMA, obsID 40410001002. This simplification is motivated by the fact that the spectrum for each module has similar best-fit model parameters, and hence statistics. We also test the results obtained with 10 of these simplified simulations against 10 full realizations (i.e., including both obsIDs and both FPMs) and find good agreement. We then pass these mock spectra through the same fitting and line-search procedure as the data. At each mass bin, we thus have 100 simulated upper limits. We interpolate the cumulative distribution of these upper limits and find the corresponding 68% and 95% intervals. Similarly, the upward fluctuation in the observed limit near m χ 16 keV is driven mainly by upward fluctuations in the data from 40410002002B, which are also not correlated with other modules. Additionally, the feature near m χ 30 keV is caused by upward fluctuations in the data from two or more modules. Similar behaviors are also seen in other analyses (left panel of Fig. 5) , and ongoing studies of the NuSTAR instrumental background have identified an edge in the spectrum near energies 15-17 keV that is not captured by the current background model. Therefore, our DM limits near m χ 30 keV are systematics-limited, and will likely require an improved model of the instrumental background before the remaining νMSM parameter space near m χ 30 keV can be closed (see Fig. 1.) Finally, we turn to the region near m χ 10-12 keV, where our results improve the most compared to previous analyses and the observed limit also touches the lower end of the MC band. A closer inspection shows that this is driven by several downward-fluctuating data points from 40410001002A and 40410002002A/B. These negative residuals appears at different energies in three different modules, and the bin widths are a factor ∼4 narrower than the detector energy resolution. This lends support to the strong limit being caused by statistical downward fluctuations. Improved background modeling (ongoing) or more exposures in the future will be able to clarify the nature of the these features.
C. Sterile-Neutrino DM Constraints
For sterile neutrino DM, we convert the decay rate constraints to mixing angle constraints using [20, 21] 
The aggregate constraints in the mass-mixing-angle plane from x-ray searches (including NuSTAR) are shown in Fig. 1 . As described previously, our high-latitude Galactic bulge constraints are a factor ∼2 stronger than the previous leading limits [70] in the mass range 10-12 keV while requiring a factor ∼50 less exposure time, and are comparable with previous NuSTAR constraints over the rest of the 10-40 keV mass range. This supports the use of observation regions with low astrophysical background and large J-factors. In the context of the νMSM, the parameter space is also bounded by production and structure formation constraits [29, 95] (see also Ref. [72] for discussion). As discussed in Sec. III B, the DM line analysis in this paper is limited mostly by statistics, except for the known feature near E 15 keV. To cover the νMSM window for m χ > 10 keV, a factor ∼4 improvement in sensitivity is needed, corresponding to ∼4 Ms exposure of regions with large J-factors and minimal astrophysical backgrounds (similar to the present paper). Though a survey of this depth is feasible, we caution that systematic deviations from the default NuSTAR background model will likely prevent long exposures from reaching their design sensitivity until an improved model of the NuSTAR instrumental background can be developed. Ongoing work for improving the NuSTAR instrumental background model, especially in the 3-5 keV energy range, will be essential for further testing of the νMSM down to m χ = 6 keV, including the tentative signal at E 3.5 keV.
IV. CONCLUSIONS AND OUTLOOK
The NuSTAR observatory's large FOV for unfocused x-rays has been pivotal in constraining the properties of sterile-neutrino DM with m χ ∼ keV, such as that predicted by the νMSM. NuSTAR observations of the Galactic center, blank-sky extragalactic fields, and M31 have provided world-leading constraints on the χ → ν +γ decay rate in the mass range 10-50 keV, practically closing the "window" in the νMSM parameter space for masses 20-50 keV. Closing the window for masses 6-20 keV, however, has proved difficult, due to large astrophysical x-ray backgrounds in the observation regions.
In this paper, we analyze a combined ∼190 ks of NuS-TAR observations to search for x-rays originating from the radiative decay of sterile-neutrino DM in the Galactic halo. The observation regions were optimized to reduce astrophysical x-ray backgrounds from Galactic xray sources and from the Galactic ridge x-ray emission while remaining near the center of the Galactic halo, where the DM decay signal is expected to be strongest. We consistently model the flux from both the focused (2-bounce) and unfocused (0-bounce) NuSTAR apertures, though our sensitivity to decaying DM is dominated by the large unfocused FOV. To avoid the systematic effects of stacking spectra with different instrumental and astrophysical backgrounds, we model the spectra individually and combine the sensitivity of each.
Finding no evidence of sterile-neutrino DM decays, we instead set upper limits on the sterile neutrino decay rate in the mass range 10-40 keV. In the mass range ∼10-12 keV, our limits are a factor ∼2 stronger than the previous leading limits while requiring a factor ∼50 less exposure time. This is due in part to the low astrophysical background and large J-factor in these optimized observation regions, as well as downward statistical fluctuations. We also perform Monte Carlo simulations to determine our expected DM sensitivity, and find that our derived limits are consistent with expectations across most of the 10-40 keV mass range.
As the astrophysical background (now dominated by the irreducible CXB flux) in these observations is comparable to the instrumental background, we observe deviations of the spectra from the default NuSTAR background model. In particular, we find that the sterile neutrino limits in the mass range ∼25-40 keV are largely independent of exposure time and the choice of astrophysical target, likely indicating a systematic effect from the instrumental background. Detailed characterization of the instrumental background is ongoing, and additional NuSTAR searches, particularly with an improved model of the instrumental background, will be uniquely suited to probing the remaining νMSM parameter space, as well as investigating the nature of the 3.5-keV line.
ACKNOWLEDGMENTS
We thank Steve Rossland and Shuo Zhang for helpful comments and discussions.
The NuSTAR observations described in this work were awarded under NASA Grant No. 80NSSC18K1615. We thank the NuSTAR team at NASA, JPL, and CalTech for the excellent performance of the instrument and their assistance with initial data processing.
The computational aspects of this work made extensive use of the following packages: SAOImage DS9 distributed by the Smithsonian Astrophysical Observatory; the SciPy ecosystem [96] , particularly Matplotlib and NumPy; and Astropy, a community-developed core Python package for Astronomy [97, 98] . This research has made use of data and 
